The solid state tautomerism of 2-((phenylimino)methyl)naphthalene-1-ol was studied using X-ray measurements and absorption spectroscopy. In the solid state, the keto tautomer predominates. The observed shift in the equilibrium from the enol (dilute solution) to the keto (solid state) forms is explained by the formation of dye aggregates using ab initio quantum chemical calculations.
Introduction
Proton tautomerism plays an important role in many fields of chemistry and biochemistry [1] [2] [3] [4] [5] . Molecules giving rise to excited state tautomers by intramolecular proton transfer enjoy applications as laser dyes, in higher energy radiation detectors and molecular memory storage devices, as fluorescent probes and also as polymer protecting agents [6] .
The salicylidene anilines (similar to compound 1 in the scheme below), being relatively simple in structure, are suitable model compounds for the study of the intramolecular proton transfer, and have therefore attracted considerable attention from both experimental [7] [8] [9] and theoretical [9, 10] points of view. The proportioning between the tautomeric forms (enol E and keto K), which strongly depends on the conditions of the experimental/theoretical measurements, is the key moment in all investigations.
The measurements are extended from an isolated molecule in vacuum (quantum chemical calculations [9, 10] and mass spectrometry [11, 12] ) through less (UV-Vis spectroscopy [9, 12] ) or more (NMR [8, 12, 13] ) concentrated solution in various solvents to solid state X-ray structure determination [14] . However, the prediction of the relative stability of the tautomers by means of quantum chemical calculations depends strongly on the level of theory (methods and basis sets, solvation models, etc.) used and requires experimental results to prove theoretical findings. Unfortunately, due to different experimental conditions and assumptions in the models for data processing, optical and NMR spectroscopy cannot guarantee the full reliability of the experimentally obtained tautomeric constants ( [13, 15] . The concentration difference between UV-Vis and NMR measurements could be considered as a reason for the difference in the obtained tautomeric constants (under the same other experimental conditions like temperature and solvent) [12] . Generally the increase of the concentration from 10 À5 M to 0.1 M is expected to have an impact on the solute-solute interactions, but the concentration range 10 À3 -0.1 M is not accessible for the UV-Vis spectroscopy, which is usually used to provide clear evidence for aggregation. Although there are tautomeric Schiff bases reported to aggregate in nonpolar solvents at the concentrations used by UV-Vis spectroscopy [16] , such experiments cannot be repeated by NMR due to solubility reasons. Hereby, the solid state X-ray structure determinations remain the method that gives relatively impartial assessment on the tautomerism in a particular compound and the obtained structural parameters can be used to test the results from the quantum-chemical structure optimizations.
The aim of the current study is to describe for the first time the crystallographic structure of 1 in the solid state (which could be considered as a border case of very concentrated solution in respect of increased solute-solute interactions) and to compare the obtained results for the tautomeric ratio with previous spectral data. At the same time the determined crystal structure will be compared with the structure determined by quantum chemical structure optimization.
Experimental
2.1. Synthesis of of 2-((phenylimino)methyl)naphthalene-1-ol 1-Hydroxy-2-naphthaldehyde, aniline, p-toluenesulphonic acid and absolute ethyl alcohol were of commercial grade (Aldrich) and were used as received. Melting points were determined using a Gallenkamp MF-370; A solution of 1-hydroxy-2-naphthaldehyde (1.7 g, 10 mmol), aniline (0.94 g, 10 mmol) and a catalytic amount of p-toluenesulphonic acid (15 mg) in absolute ethyl alcohol (50 ml) was treated at room temperature with dry blue silica crystals (1.0 g). The mixture was refluxed for 2 h, cooled to ambient temperature and diluted with dichloromethane (30 ml) and filtered. The filtrate was evaporated to dryness in vacuum and the orange solid residue was recrystallized from petroleum ether (60-80 C) and left at À18 C to give orange crystals (1.96 9, 119.2, 124.9, 125.4, 126.1, 127.3, 127.5, 128.2, 129.6, 130.1, 136.9, 142.8, 155.8, 172.3 ; m/z (FABMS): 247.3.
X-ray measurements
Crystal data of 1: monoclinic, P2 1 /c (No. 14), a ¼ 14.8460(9), b ¼ 7.3210(4) and c ¼ 12.6270 (10) 
Crystal data were collected at 200 K on an STOE IPDS II using Mo K a radiation with graphite monochromator. The structures were solved using the program SIR-2004 [17] . The refinement and all further calculations were carried out using SHELXL-97 (see references [18] ). The non-H atoms were refined anisotropically and the hydrogen atoms were located and refined. The Diamond program was used for the graphical representations of the structure.
UV-vis spectral measurements and data processing
The absorption spectra of 1 in solution were recorded on a JASCO V-570 UV-Vis-NIR spectrophotometer equipped with a Julabo ED5 thermostat (precision 1 C) at room temperature (20 C) according to the previously described methodology [12, 15] . The used solvents were of spectral grade.
The recorded spectral data sets with different tautomeric ratios were processed by the Fishing-Net Algorithm, implemented in the MULTIRES software for quantitative analysis of undefined mixtures [19] . The mathematical background of the procedure was described elsewhere [20] . The correct positions of the individual sub-bands in the spectra were determined by using second derivative spectroscopy [15] .
The diffuse reflectance solid state spectrum of 1 was recorded by using ILN-472 large integrating sphere attachment for JASCO V-570 UV-Vis-NIR spectrophotometer.
Quantum chemical calculations
Ab initio HF/6-31G ** calculations were performed by using the Gaussian 03 program suite [21] . This level of theory presents an acceptable compromise between the computing costs and accordance with the experimental results [22] . The well known weakness of the HF method is the neglect of electron correlation, but it is also quite common that basis set incompleteness introduces errors opposite to that, leading in some cases to fortuitously good HF results with medium basis sets [23] .
The tautomeric structures shown in Scheme 1 and their dimers were optimized without restrictions (unless otherwise stated) and then were characterized as true minima by vibrational frequency calculations. For comparison reasons the individual tautomers were optimized by using 6-311þþG ** basis set as well.
Results and discussion
The absorption spectra of 1 shown in Fig. 1 clearly depict the crucial importance of the solvent on the position of the tautomeric equilibrium. Since the enol form absorbs at 383 nm, it is evident that in nonpolar solvents, like cyclohexane and CCl 4 , 1E dominates (K T ¼ 0.17 and 0.22 respectively). The addition of polar solvents increases the proportion of the keto form, giving rise to the complex band at 450 nm, which consists of sub-bands at 430, 454 and 484 nm. The tautomeric constants in CHCl 3 and DMSO are 0.72 and 0.85 correspondingly, which is surprising taking into account the different proton acceptor/donor properties of these solvents. However, it has been proven by linear solvation energy relationship analysis [9] and by quantum chemical calculations [24] that due to the substantial strength of the intramolecular hydrogen bonding in the Schiff bases their interaction with proton acceptor solvents (like DMSO) is limited and the observed limited (in comparison with CHCl 3 ) changes result only from the net polarity of DMSO.
The solid state spectrum of 1 is also shown in Fig. 1 . In consists of a structureless red tail, which contains a band with a maximum at w695 nm (according to the second derivative spectra), and two complex bands around 400 nm and around 500 nm. By analogy with 4-((phenylimino)methyl) naphthalene-1-ol [25] the band at 500 nm and the red tail show existence of associates of the keto form. It is evident that the band at 500 nm contains except the http://doc.rero.ch sub-bands typical for the monomer keto form (420, 443 and 476 nm), one additional slightly red shifted band at 512 nm. According to the molecular exciton theory [26] it could be attributed to head-to-tail aggregation and the slight red shift indicates a low level of association. At the same time these low level associates interact with each other, which leads to the appearance of the wide tail at 695 nm. Unfortunately the structure of the enol band at 400 nm is very complex and cannot be clarified by derivative spectroscopy, which does not allow conclusions to draw about the aggregation of the enol tautomer. Evidently the complex structure of the solid state spectrum does not allow a quantitative estimation of the position of the tautomeric equilibrium. Single crystals of 1 were obtained by slow evaporation of the mother solutions, respectively by recrystallization from the used solvent. Compound 1 crystallizes in the monoclinic space group P2 1 /c (No. 14) with one molecule per asymmetric unit. As the hydrogen atoms could be attributed in the Fourier map, we are able to discuss the proportion of the two tautomers. Indeed, the compound seems to be in an equilibrium between the keto and the enol form, and in which the keto form is much more favored. We found that the hydrogen atom position is split over two positions, being found at 85% on the nitrogen and at 15% on the oxygen atom, respectively (which corresponds to K T ¼ 5.7 and DG ¼ À0.7 kcal/ mol at 200 K). The electron density map (Fig. 2a) illustrates this finding, showing electron density in between the oxygen and nitrogen atom of the same molecule. The most important bond lengths and angles are listed in Table 1 .
In order to compare the bond lengths found in compound 1 with other molecules containing similar functional groups, a search in the Cambridge Structural Database (CSD) was performed. The results of this search are listed in Fig. S1 . The comparison with the mean bond lengths of similar molecules clearly tends to confirm our hypothesis that 1 is preferentially found in its keto form.
The molecules stack in the solid state structure in a fish-bone like arrangement (Fig. 2b, right) , forming pairs two-by-two (dimers in wider understanding). Among these pairs of molecules, a headto-tail packing is observed, with offset p-stacking at ca. 3.5 Å between the rings C 1 -C 6 and C 10 -C 15 of two parallel molecules. Two parallel pairs are then inclined almost perpendicularly to the next pair of molecules, allowing for strong edge-to-face p-interactions between H 4 and H 11 of one molecule, and the rings C 10 -C 15 and C 1 -C 6 , respectively, of another molecule (see review by Steiner [27] The crystallographic data are compared with the optimized (HF/ 6-31 ** and HF/6-311þþG ** ) individual tautomers in Table 1 . It is evident that the change of the basis set does not change substantially the geometries and there is reasonable agreement between the quantum chemical results (bonds and angles in the tautomeric fragment) and the experimental structure data. As can be seen from the Table, the experimental bond lengths and angles lie between the calculated values for E-and K-form, which is in accordance with the fact that the tautomeric equilibrium exists even in the solid state. Reasonably the length of the bonds forming the tautomeric fragment, namely N-C 7 , C 7 -C 8 , C 8 -C 9 and C 9 -O, are most sensitive and can be used as indicators for the position of the tautomeric equilibrium in the solid state. As seen the experimental values lie nearer to the calculated values for the keto form, which is in accordance with the tautomeric ratio determined by the X-ray measurements.
According to the quantum chemical calculations the individual tautomers are predicted to be nonplanar in respect of the phenyl ring, which corresponds to the general experimentally and theoretically supported concept for twisting around the N-phenyl bond (Fig. 3) . Probably in the solid state due to the stacking of the molecules they are forced to planarise as has been reported for some Schiff bases [28a,29] . It should be noted that the constrained planarity in the quantum chemical calculations gives a rise in the total energy for 1E by 1.4 kcal/mol, while in the case of 1K the increase is 0.2 kcal/mol, changing the relative energy from 0.9 (enol form more stable) to À0.3 kcal/mol (1K more stable), which by itself does not describe the substantial predominance of the keto tautomer in the solid state.
Obviously these two possible assumptions -planarity and nonplanarity, give different opportunities for further description of the effects of association. Constrained planarity could be used for an explanation of aggregation in the solid state, while the natural nonplanarity could be useful for clarifying the solute-solute interactions in concentrated solutions in nonpolar and proton acceptor solvents. Both concepts are demonstrated in Fig. 3 .
The agreement between the DG values in nonpolar solvents and the quantum chemical calculations at HF/6-31G ** , noted above, allows this level of theory to be used for the further calculation of the tautomeric dimers. In the non constrained optimization two possible dimer aggregates have been found. In both cases (E and K) the structures of the most stable dimers differ substantially from the crystallographic determination. Most probably due to the nonplanarity (steric hindrance caused by the phenyl rings), the dimer structures similar to these seen in Fig. 2b are not favored. In the case of the gas phase the inter-molecular hydrogen bonding between the oxygen (as seen in Fig. 3 right) and the azomethine hydrogen are preferred (with distance of 2.3 Å in the keto dimer and 3.1 Å in the enol one). However, the aggregation changes the overall picture of the tautomeric equilibrium from more stable enol form in isolated molecules to more stable keto dimer, which could correspond to the experimental findings in concentrated solutions. http://doc.rero.ch 24 [8b] . The fact that in both cases CDCl 3 has been used as a solvent and the different approximations used in the tautomeric constant estimation does not allow an explicit conclusion that the higher tautomeric constants result from the higher concentration in the NMR measurements. The constrained planarity describes the dimers (Fig. 3 , left) very similar to those observed by the X-ray measurements (Fig. 2b,   right) . The head-to-tail packing is reproduced, with offset pstacking at ca. 3.5 Å between the rings C 1 -C 6 and C 10 -C 15 of two parallel molecules, essentially the same as in the solid state. However, the simplicity of the theoretical model (only two dye molecules and lack of additional packing) allows the molecules in the dimer to be displaced sideways (as the angle O-C 17 -O is changed from 89.3 in solid state to 132.7 in the theoretical calculation). The calculated DDG value of À0.7 kcal/mol corresponds to K T ¼ 3.45 at 298 K, which agrees with the crystallographic results taking the temperature difference into account (K T ¼ 5.7 and DG ¼ À0.7 kcal/mol at 200 K). Obviously the shift of the tautomeric equilibrium towards the keto form in solid state is caused by both forced planarization of the molecules and aggregation. Consequently, instead of the simplicity of the theoretical model, it predicts correctly the tendency of change in the position of the tautomeric equilibrium towards the keto form as shown by the crystallographic data (Fig. 2) and the solid state absorption spectra (Fig. 1) .
Conclusions
The X-ray structure of 2-((phenylimino)methyl)naphthalene-1-ol shows a fish-bone like arrangement, forming pairs two-by-two. The solid state structural data have been reproduced by ab initio calculations. They show that the shift of the tautomeric equilibrium from the enol form in solution to the keto form in solid state is caused by both forced planarization of the molecules and aggregation. Consequently, instead of the simplicity of the theoretical model, it predicts correctly the tendency of change in the position of the tautomeric equilibrium towards the keto form as shown by the crystallographic data and the solid state absorption spectra. http://doc.rero.ch
